Purpose: Athletes adopt a pacing strategy to delay fatigue and optimise athletic performance. However, many current theories of the regulation of muscle function during exercise do not adequately explain all observed features of such pacing strategies. We studied power output, oxygen consumption and muscle recruitment strategies during successive 4km cycling time trials to determine whether alterations in muscle recruitment by the central nervous system could explain the observed pacing strategies. Methods: Seven, highly trained cyclists performed three consecutive 4 km time trial intervals, each separated by 17 minutes. Subjects were instructed to perform each trial in the fastest time possible, but were given no feedback other than distance covered. Integrated electromyographic (iEM G) readings were measured at peak power output and for 90 s before the end of each trial.
INTRODUCTION
Paragraph number 1 The capacity to produce and maintain power output decreases rapidly during bouts of high intensity exercise (2, 30) . Therefore, in order to sustain a high power output in events lasting longer than several seconds, athletes must adopt a pacing strategy to delay fatigue and optimise performance. The typical pacing strategy comprises several stages: a short initial period of high power output followed by a sharp reduction to a power output, which is usually maintained until the final period of the exercise bout when power output may again increase (8) .
Paragraph number 2 It is usually believed that these changes in power output are determined by the development of a critically low muscle pH that impairs skeletal muscle contractile function (16, 17) , so-called 'peripheral fatigue'. However, this peripheral model of fatigue does not satisfactorily explain all the known features of exercise fatigue (13, 19, 20, 28) , most notably the phenomenon of the "lactate paradox" of high altitude. This paradox occurs during peak exercise at extreme altitude and in which exercise terminates at low blood lactate concentrations, often no higher than resting concentrations (10, 26) . (5) have proposed the alternate theory in which the pacing strategy is under central neural control. Indeed this theory that the central nervous system regulates athletic performance was first proposed over a century ago (29) . But, the complexity of quantifying any central neural regulation of exercise performance has influenced researchers to focus on the peripheral, skeletal muscular determinants of fatigue and exercise performance with, until recently, less attention on any central component, (6, 13, 20, 25) .
Paragraph number 3 Foster et al
Paragraph number 4 Interval training, in which athletes work repeatedly at near maximum effort with short periods of recovery between exercise bouts, represents one of the most intense forms of physical activity. Since the activity is repetitive, athletes must adopt a pacing strategy within the first interval to ensure that they can produce repetitive intervals with similar total work output. In order to determine any contribution of the central nervous system to the regulation of this pacing strategy, we measured the work output and associated changes in physiological, integrated electromyographic (iEM G) and metabolic parameters in consecutive 4 km cycling intervals performed by highly trained cyclists in the laboratory. We theorised that central regulation would produce pacing strategies that were more similar across intervals and in which iEM G activity would follow the changes in power output. In contrast, peripheral regulation would produce pacing strategies that were less similar across intervals; in which changes in power output would mirror changes in blood lactate concentrations, and in which power output would steadily decline towards the latter stages of the exercise bout despite a progressive increase in iEM G activity. In addition, a high proportion of all available motor units would be recruited during each interval.
METHODS

Sub jects
Paragraph number 5 Seven highly trained, competitive male cyclists were selected to participate in this study. These subjects were chosen because they were well trained, accustomed to high intensity exercise and familiar with laboratory testing since they frequently participated in previous trials in this laboratory. At the time of investigation, they were cycling 400-800 km.wk Sciences at the University of Cape Town; prior to the trial all subjects were informed of the nature of the investigation, after which they gave written informed consent.
Subject characteristics are described in Table 1 .
Kingcycle ergometry system
Paragraph number 6 Each subject completed two trials in the laboratory. On the first occasion maximal power output and maximal oxygen consumption (VO 2 max) was measured. On the second occasion seven days later, subjects performed three consecutive, 4-km time-trials (TT) with a 17-minute rest between each. All tests were conducted on a Kingcycle ergometry system (Kingcycle Ltd, High Wycombe, U.K.) that allowed each cyclist to ride his own bicycle in the laboratory. Previous studies have shown that performance tests conducted on these ergometers have good reliability when compared to standard laboratory ergometers (14, 21, 22) .
VO2max test
Paragraph number 7 On their first visit to the laboratory, cyclists completed the maximal incremental exercise test (M IE) to exhaustion during which oxygen consumption (VO 2 ), power output and heart rate (HR) were recorded for the duration of the test. After a 10-15 min warm-up at a self-selected intensity, the test Paragraph number 8 For the measurement of VO 2 during the M IE and the 4-km time trials, subjects wore a mask covering the nose and mouth; the expired air passed through an on-line computer system attached to an automated gas analyzer (Oxycon model Alpha, M ijnhardt, The Netherlands). Before each test, the gas analyzer was calibrated with a Hans Rudolph 5530, 3-L syringe and a span gas mixture. Analyzer outputs were processed by a computer that calculated VO 2 and carbon dioxide production using conventional equations (12) . VO 2 max was defined as the highest VO2 measured during the M IE.
Paragraph number 9
Heart rate (HR) was recorded every 10 seconds using a Polar Accurex Plus heart rate monitor (Polar Electro.Kempele, Finland). The data were downloaded via an interface into hrm files after completion of the trial. M aximum HR was taken as the highest HR recorded at any stage during the test.
Time-trials
Paragraph number 10 Within seven days of the MIE each subject returned to the laboratory at the same time of day to perform three consecutive 4-km time trials.
Successive time trials were separated by approximately 17 min. Subjects were requested to perform the same type of training for the duration of the trial and to refrain from heavy physical exercise for 24 hours before the TT testing.
Paragraph number 11
After a self-selected 10-15 min warm-up, the first TT started after a 2 min countdown during which the cyclists maintained a cycling speed of 35-40 km.hr -1 . This speed had to remain constant until the start of the time trial. After each time trial, the subjects rested for 10 min after which they performed a 5 min warm-up before commencing the 2 min countdown. Subjects were told to perform each time trial in the fastest time possible but in the knowledge that three trials were to be performed. The elapsed distance was the only feedback given to the subjects 
Isometric testing of skeletal muscle function
Paragraph number 13 Immediately before the M IE test and time trials, each subject's peak isokinetic force was measured on a Kin-Com isokinetic dynamometer (Chattanooga Group Inc., USA). The peak force produced by the quadriceps muscles was tested isometrically at an angle of 60, with full knee extension being the 0 reference. 
Paragraph number 14
Statistical analysis
Paragraph number 18 Data for HR, VO 2 and power output were averaged over 30 s from 0 to 300 s. EM G data were compared every 10 s from 200 s to fatigue. An analysis of variance was used to assess differences between and within the trials.
Once main effects were identified individual differences between the means were
RESULTS
Maximum values of VO 2 , HR and plasma lactate concentrations
Paragraph number 19 The VO 2 max attained during maximal incremental exercise (M IE) was similar to the highest VO 2 
VO 2 and heart rate
Paragraph number 21 The rate of oxygen consumption was similar for all intervals after the first minute ( Figure 3b ) and did not increase significantly over the duration of the interval. Likewise heart rate did not vary between intervals, but it did increase significantly from the 30 th to the 60 th second (p < 0.05), after which it did not increase significantly ( Figure 3c ).
IEMG
Paragraph number 22
The iEM G recorded during the period of maximal power output during the time trials was less than 25% of iEM G activity during the M VC (TT1 24.2  3.5; TT1 21.1  4.2%; TT3 23.7  3.8%). There was no difference in iEM G between intervals (Figure 4c ). However in all trials iEM G tracked changes in power with the highest values being measured at 60 and 300 seconds when power output was also highest (Figure 4a) . Furthermore, iEM G did not increase sequentially across successive intervals and was not higher at 300 seconds than at 60 seconds in any interval.
DISCUSSION
Paragraph number 23
The first important finding of this study was that subjects adopted a similar pacing strategy during each of the three consecutive 4 km intervals (time trials) (Figures 2 and 3 ) even though they received no external feedback regarding their cycling speeds, power output, duration or heart rates. Distance elapsed was the only external feedback provided.
Paragraph number 24
The pacing strategy adopted was such that the peak power output was reached after 60 seconds where after there was a steep decline in power output, more pronounced in the first interval, so that at 120 seconds, power outputs were the same as in the first 30 seconds. Thereafter power outputs fell only slightly to 240 seconds where after they rose again reaching outputs at 300 seconds that approached those reached after 60 seconds in the second and third trials, but which were lower than the peak values achieved in Trial 1 ( Figure 3 ).
Paragraph number 25
Indeed there was clear evidence of a learning effect since power outputs were higher at 30, 60 and 90 seconds in the first interval, than in the second and third intervals. Thereafter power outputs were essentially the same in all three trials. Thus, the pacing strategies were essentially reproducible throughout the second and third trials. This suggest that subjects may have altered their pacing strategies in the second and third intervals, on the basis of what they learned in the first trial. As a result, performance in the second and third trials was identical.
Importantly there was no evidence for the development of a progressive fatigue since power output progressively increased over the last 60 seconds of the final two trials (Figure 4a ). Presumably if the faster performance in the first interval had been attempted in the second and third intervals, there might have been the development of a progressive fatigue with a progressive reduction in power output. Rather the finding that the average power output was the same in all three intervals suggests that these cyclists adopted an ideal pacing strategy for the optimum completion of the total work bout.
Paragraph number 26
Indeed the second important finding of the study was that the power output increased during the final 60 seconds of each time trial, a phenomenon that has also been noted in a longer duration time trials lasting 60 minutes which included six one minute sprint intervals (13) . These authors also found an increase in 
Paragraph number 27
In addition less than a quarter of the available motor units in the studied muscles were recruited during the time trials, a finding that is consistent with previous observations (13, 24, 25) but is incompatible with the peripheral fatigue model. For the peripheral model predicts that there must be near total motor unit recruitment at exhaustion so that fatigue results from peripheral metabolite-induced modulation of the contractile activity of all the recruited motor units.
Paragraph number 28
Indeed it is difficult to imagine how peripheral metabolite changes in the skeletal muscles could explain the subtle changes in pacing during the three different intervals.
First it seems unlikely that identical metabolite concentrations in the active muscles would explain the identical pacing strategies in the second and third trials. For example, it would seem unlikely that full metabolic recovery could have occurred within 17 minutes after the subjects had already completed 10 minutes of exercise at, or close to, VO 2 max. That the plasma lactate concentrations were similar at the end of each interval was unexpected ( Figure 1c) and might indicate that a component of the pacing strategy is to complete exercise with specific terminal plasma (and muscle) lactate concentrations (5).
Paragraph number 29
Second, since each interval was performed at close to VO 2 max, there must have been a progressive increase in plasma and muscle lactate concentrations during each interval. If a progressive rise in the muscle lactate concentrations impairs exercise performance, then the athletes should have shown a pacing strategy that produced a maximum power output in the first seconds of exercise with a progressive fall thereafter with the lowest power outputs in the last seconds of each interval, most especially in the last interval. As already described, this did not occur (Figure 3a) .
Paragraph number 30
Rather, the most plausible explanation is that the pacing strategy results from changes in the number of motor units that are alternatively recruited and de-recruited during different stages of exercise. This would occur if a subconscious "controller" determines the overall pacing strategy during exercise by matching the rate of energy expenditure and the current energy reserves with the predicted energy cost of the exercise (28), but within the physiological capacity of the individual. Ulmer (28) was perhaps the first to propose that the optimal metabolic rate during exercise is maintained by the action of a programmer that takes cognisance of the duration or distance, or both, of the planned effort and calculates the optimum pacing strategy on the basis of previous experience. This pre-emptive mechanism would not only pattern a single time trial, but would be responsible for the pacing strategy adopted in the consecutive trials that comprise the entire exercise bout.
Paragraph number 31
The third noteworthy finding of the study was that despite the different power output profiles (Figure 3a ) between the first and third intervals, the average velocities were quite similar as were the finishing times. Foster et al (5) have postulated the presence of a central mechanism governing muscle recruitment that is influenced by afferent sensory feedback of pH levels in the exercising muscle. They suggest that athletes learn to 'sense' the intramuscular pH and adapt their workload on the basis of this feedback so that a critically low muscle pH is never approached.
Paragraph number 32
The proposed mechanistic functioning of this feedback system involves the detection of pH changes by nociceptors or chemoreceptors that transmit an inhibitory signal to the central nervous system, which is perceived as a "sensation".
As a result, the motor cortex decreases efferent neural drive directed to those motor units in the exercising muscles from which the afferent signals were received. The degree of reduction in efferent activity is proportional to the magnitude of afferent feedback activity. Therefore, a centrally directed pacing strategy is adopted, which is fine-tuned in the motor cortex in response to this peripheral feedback.
Paragraph number 33
The lag phase inherent in this model would explain the power output profile observed in the first time trial in which there was an initial very rapid increase in power output with a disproportionably large percentage of the total work performed in the initial stages of exercise. However, in the third time trial the initial spike in power output is dampened, which is consistent with the peripheral monitoring theory proposed by these workers (5) 
Paragraph number 34
In summary, this study shows that the pacing strategies adopted by athletes during 3 successive 4km cycling time trials that each elicited a VO 2 max response were remarkably similar, despite the absence of external feedback to the subjects other than distance covered. Importantly, power outputs and iEM G activities rose progressively and similarly from 210 -300 seconds of exercise in all three intervals. The finding that the pacing strategies were remarkable similar, that iEM G activities were not progressively greater in successive intervals and that only about 25% of available motor units were recruited at the point of peak power output, suggests the presence of a centrally-determined, anticipatory regulation of the adopted pacing strategies. Such regulation would result from a centrally-determined recruitment and de-recruitment of more or less motor units during the exercise bout. 
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